The European Space Agency's Ozone Climate Change Initiative (O 3 -CCI) project aims at producing and validating a number of high-quality ozone data products generated from different satellite sensors. For total ozone, the O 3 -CCI approach consists of minimizing sources of bias and systematic uncertainties by applying a common retrieval algorithm to all level 1 data sets, in order to enhance the consistency between the level 2 data sets from individual sensors. Here we present the evaluation of the total ozone products from the European sensors Global Ozone Monitoring Experiment (GOME)/ERS-2, SCIAMACHY/Envisat, and GOME-2/ MetOp-A produced with the GOME-type Direct FITting (GODFIT) algorithm v3. Measurements from the three sensors span more than 16 years, from 1996 to 2012. In this work, we present the latest O 3 -CCI total ozone validation results using as reference ground-based measurements from Brewer and Dobson spectrophotometers archived at the World Ozone and UV Data Centre of the World Meteorological Organization as well as from UV-visible differential optical absorption spectroscopy (DOAS)/Système D′Analyse par Observations Zénithales (SAOZ) instruments from the Network for the Detection of Atmospheric Composition Change. In particular, we investigate possible dependencies in these new GODFIT v3 total ozone data sets with respect to latitude, season, solar zenith angle, and different cloud parameters, using the most adequate type of ground-based instrument. We show that these three O 3 -CCI total ozone data products behave very similarly and are less sensitive to instrumental degradation, mainly as a result of the new reflectance soft-calibration scheme. The mean bias to the ground-based observations is found to be within the 1 ± 1% level for all three sensors while the near-zero decadal stability of the total ozone columns (TOCs) provided by the three European instruments falls well within the 1-3% requirement of the European Space Agency's Ozone Climate Change Initiative project.
Introduction
Global satellite total ozone column (TOC) data sets have now been produced for more than four decades from different type of instruments flown on a regular basis. The abundance of spaceborne observations and the evolution of the total ozone column retrieval algorithms have led to a multitude of long-term TOC time series, e.g., Frith et al. [2014] , McPeters et al. [2013] , Chehade et al. [2014] , and Chiou et al. [2014] . Total ozone being one of the Essential Climate Variables, it is crucial that these long-term series are of very high quality in all levels of the chain; from the actual data acquisition to the retrieval process in order to meet the requirements established by the climate research community [van der A, 2011; Hollmann et al., 2013 ]. Furthermore, a high level of instrumental stability is needed to perform reliable long-term ozone trend studies [e.g., Bourassa et al., 2014; Coldewey-Egbers et al., 2014] or investigate complex regions such as the tropics [e.g., Ebojie et al., 2014; Pastel et al., 2014] . The focus of the ozone retrieval community has hence turned to the optimization of the simultaneous usage of individual observational data sets, which consequently needs to be homogenized as much as possible at all levels [e.g., Loyola and Coldewey-Egbers, 2012] , the treatment of possible instrumental effects on the level 0 data (i.e., unprocessed instrument and payload data at full resolution), the transformation of level 0 data to level 1 radiance spectra (i.e., data that have been processed to sensor units such as radar backscatter cross sections, radiances, and brightness temperatures), and the actual extraction of the TOCs.put on the homogenization of the level 1 to level 2 processing chain for the three European instruments Global Ozone Monitoring Experiment (GOME)/ERS-2, Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY)/Envisat, and GOME-2/MetOp-A. One single retrieval algorithm has been applied to the level 1 data from these different sensors in order to retrieve individual total ozone data sets. The direct-fitting algorithm GODFIT (GOME-type Direct FITting) was selected for this goal owing to its highly accurate results, even in extreme geophysical conditions such as low Sun elevation and high optical depth, where it comparatively performs better than the classical differential optical absorption spectroscopy (DOAS) approaches. This algorithm was implemented in 2011 into the operational environment of the GOME instrument GOME Data Processor (GDP) v5.0, described in Van Roozendael et al. [2012] . Since then, and within the O 3 -CCI framework, a series of algorithmic improvements have been made which led to GODFIT version 3. These latest developments have been extensively described in a prequel paper by Lerot et al. [2014] and will be briefly summarized in section 2.
In the following, we will refer with the term operational to the official versions of the TOC data sets provided by each instrument and its associated maintaining entity, whether it be the European Meteorological Satellites organization, EUMETSAT, or the European Space Agency, ESA. These operational algorithms rely either on the classical DOAS approach (GDP 4.7 for GOME-2 or SCIAMACHY Ground Processor (SGP) 5.02 for SCIAMACHY) or on a direct-fitting approach (GDP 5.0 for GOME), GODFIT having been the prototype algorithm for the latter as already mentioned.
The main aim of this paper is to evaluate, using ground-based measurements as a documented and traceable reference for the total ozone content of the atmosphere, that the new Ozone CCI GODFIT v3 algorithm produces stable, consistent, and reliable long-term total ozone column data sets from the three European sensors. These evaluation results will be also compared to those corresponding to the current operational products. Furthermore, we assess the intersensor consistency and show that these homogenized data sets may be used to form a consistent multisensor long-term total ozone climate record.
Data and Methodology

The Satellite Instruments
A very brief description of the three different instruments and the relevant algorithms is given in the next two sections. For quick reference, the main features of the three instruments, satellite platforms, and data versions used in this study are summarized in Tables 1 and 2 . 2.1.1. GOME On Board ERS-2 The Global Ozone Monitoring Experiment (GOME) was an across-track nadir-viewing spectrometer on board ERS-2, a Sun-synchronous polar-orbiting satellite with a period of about 100 min and an equator crossing time of 10:30 local time launched in April 1995. In normal viewing mode, GOME performed three forward scans followed by a backward scan. Each forward scan had a footprint size of 320 km × 40 km for a 1.5 s detector readout integration time. The maximum swath was 960 km, with a nominal scan angle of ±31°at the spacecraft; global coverage was achieved at the equator within 3 days. GOME had 3584 spectral channels distributed over four serial readout detectors; the wavelength range was 240 to 793 nm, with a moderate spectral resolution of 0.2 to 0.4 nm. More details on the GOME instrument are given by Burrows et al. [1999] . Global coverage was lost in June 2003, with the Southern Hemisphere being mostly affected, due to problems with the satellite tape recorder, whereas the instrument was switched off on 5 July 2011 when the ERS-2 satellite was decommissioned. The official GOME total ozone columns analyzed here are provided by the operational GDP 5.0 product [Van Roozendael et al., 2012] based on a previous version of the direct-fitting algorithm GODFIT. Validation results of this product are presented in Koukouli et al. [2012b] where it was shown [2006] that the GOME GDP5.0 total column product does not suffer from any long-term quality drift between 1995 and 2003, despite the well-known and unavoidable instrumental degradation. A near zero trend for the Northern Hemisphere monthly mean comparisons between GOME and ground-based Dobson stations was calculated pointing to the ability of the GPD5.0 algorithm to tackle these degradation issues. A major known remaining concern with the GOME GDP5.0 total ozone column is a cloud top pressure dependency leading to satellite overestimation for very high clouds, especially at high solar zenith angle (SZA), where differences may reach 4-5% [Koukouli et al., 2012b] .
SCIAMACHY On Board ENVISAT
The Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) was launched in March 2002 aboard the European platform ENVISAT and has been operational for more than 10 years providing global coverage in approximately 6 days [Bovensmann et al., 1999] up until April 2012. ENVISAT was in a Sun-synchronous orbit with an inclination of 98.5°, a mean altitude of 796 km, and had a period of 100 min, performing 14 or 15 orbits per day with an Equator crossing time of 10:00 local time. SCIAMACHY was an eight-channel spectrometer covering the spectral range from 240 nm to 2380 nm and used different viewing geometries for retrieving total trace gas columns (nadir) and profiles (limb and solar/lunar occultation). The nominal swath was 960 km with a typical footprint size of 60 km × 30 km for ozone observations. The official SCIAMACHY total ozone column product is SGP v5.02, based on the SCIAMACHY differential optical absorption spectroscopy algorithm [Lerot et al., 2009] . Overall, no appreciable systematic bias with respect to ground-based data has been identified, and more than 75% of the measurements agreed within 5% for the set of ground stations selected in that study. 2.1.3. GOME-2 On Board MetOp-A The Global Ozone Monitoring Experiment-2 (GOME-2) instrument mounted on the flight-direction side of the MetOp-A satellite which was launched on October 2006. MetOp-A is flying on a Sun-synchronous orbit with an equator crossing time of 09:30 local time (descending node) and a repeat cycle of 29 days. A second GOME-2 instrument is also currently flying on board the MetOp-B satellite since September 2012, which is not included in this work. GOME-2 is a nadir-viewing scanning spectrometer, with an across-track scan time of 6 s and a swath width of 1920 km. Global coverage of the sunlit part of the atmosphere can be achieved almost within 1 day. GOME-2 ground pixels have a footprint size of 80 km × 40 km, 4 times smaller than those of GOME (320 km × 40 km), and also improved polarization monitoring and calibration capabilities [Munro et al., 2006] . In the framework of EUMETSAT's Satellite Application Facility on Ozone and Atmospheric Chemistry Monitoring (O3M-SAF), GOME-2 total ozone data are processed at DLR operationally, both in near real time and offline, using the DOAS GDP 4.x algorithm [Valks et al., 2010] . GDP version 4.4 was released at the end of 2009 using the most recent level 1b data (version 4) and included several algorithmic improvements including intracloud correction, Sun-glint detection, and an empirical correction for the east-west scan dependencies as described in Loyola et al. [2011] . Refer to this paper for further details on the algorithm and the validation of the total ozone column against ground-based instruments. In short, for all latitudes and ground-based instruments, the offset between GOME2 GDP4.4 and ground-based reported TOCs is on average 0 to 2% . Recently, the GOME-2 operational total ozone data product has been . In this study, the GOME-2 GODFIT total ozone columns are compared with those generated by the most current operational algorithm GDP4.7.
The Satellite Retrieval Algorithms
One common way to retrieve total columns of UV-visible absorbing gases, including ozone, from satellite observations is to use the DOAS technique. This is the case, as briefly mentioned above, for the GOME-2 GDP4.7 operational algorithm and the SCIAMACHY SGP5.02 operational algorithm. The main premise of the DOAS technique is that the total column is retrieved in two steps: a Slant Column retrieval, representative of the ozone absorption along the effective atmospheric light path, followed by an Air Mass Factor calculation to convert it into a total column. This is a very fast and well-established algorithm whose main approximation, and hence shortcoming, is to neglect the wavelength dependency of the photon path length making the algorithm less accurate for very high SZAs (>80°).
The GODFIT v3 algorithm relies on the direct fitting of the O 3 vertical column. This in practice means that radiances are simulated at each wavelength of the fitting window (325-335 nm) and fitted to the measured radiances, with the total ozone column being part of the state vector in addition to temperature profile shift, albedo, Doppler wavelength shift, and Ring amplitude scale factor parameters. This method, although more demanding in computational resources, is closer to the actual physics of the atmosphere. Compared to the previous version of GODFIT, which has been implemented in GDP5.0, new accelerated-performance LInearized Discrete Ordinate Radiative Transfer radiative transfer (RT) tools [Spurr et al., 2013] have been used in GODFIT v3: they exploit the redundancy in the fitting window of the optical properties using principal component analysis tools to reduce the number of fully accurate RT simulations, saving a factor 4 in processing time while maintaining the same level of accuracy. Correction factors are also applied to the simulated Sun-normalized radiances to account for the atmospheric polarization without requiring the use of much slower vector RT models. The semiempirical Ring correction applied to the simulated spectra to account for the filling in of the Fraunhofer and molecular ozone lines caused by inelastic processes has also been improved in GODFIT v3, in particular at large solar and viewing angles.
The ozone optical depth in each layer of the atmosphere is defined using the ozone absorption cross sections measured by Brion, Daumont, and Malicet [Daumont et al., 1992; Malicet et al., 1995; Brion et al., 1998 ] and a priori partial ozone columns provided by a combination of the Total Ozone Mapping Spectrometer (TOMS) v8 stratospheric profile climatology classified by total column amount [McPeters et al., 2007] and the Ozone Monitoring Instrument (OMI)/Microwave Limb Sounder (MLS) tropospheric column climatology [Ziemke et al., 2011] .
While the operational algorithms treat clouds as Lambertian surfaces with cloud parameters provided by independent cloud algorithms (e.g., OCRA/ROCINN [Loyola et al., 2007] ), the approach has been simplified in GODFIT v3. The observed scene is modeled as an effective scene [Coldewey-Egbers et al., 2005] located between the ground and the cloud, for which the effective albedo is retrieved simultaneously to the total ozone column. This approach minimizes the impact of cloud contamination and implicitly corrects for absorbing or scattering tropospheric aerosols . The fit of the effective albedo requires a good absolute radiometric calibration of the level 1 spectra. Due to the instrumental degradation, the GOME spectra suffer from large radiometric errors, which makes them inappropriate for deriving information on the albedo. Consequently, in GDP 5.0, surface albedo values were fixed to values provided by an external climatology. For the GODFIT v3 reprocessing, the GOME instrumental degradation has been corrected for making possible the fit of the effective albedo.
Indeed, an important feature of the CCI total ozone data sets generated with GODFIT v3 is that the level 1 reflectances have been soft calibrated to correct for possible bias and artificial spectral features introduced by calibration limitations and instrumental degradation. This soft calibration procedure relies on the statistical comparison of the level 1 data with simulations of Sun-normalized radiances. These simulations are realized with the GODFIT forward model in which total ozone is prescribed by Brewer observations at a few northern
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An extensive and comprehensive description of the GDP5.0/GODFIT algorithm is given in Van Roozendael et al. [2012] , and references therein, whereas the latest developments specific to GODFIT version 3 of the algorithm are provided in Lerot et al. [2014] . The GODFIT v3 TOC data products are publicly available through the official ESA CCI web portal at http://www.esa-ozone-cci.org/?q=node/160.
The WOUDC Brewer and Dobson Ground-Based Network
Archived total ozone column measurements from the WMO/Global Atmosphere Watch, GAW, network, routinely deposited at the World Ozone and UV Data Centre (WOUDC) in Toronto, Canada (http://www.woudc.org), were used as ground reference in this work. The WOUDC archive contains total ozone column data mainly from Dobson and Brewer UV spectrophotometers. The total ozone columns measured by UV spectrophotometers is based on the DOAS technique, whereupon the sunlight intensities reaching the Earth's surface are measured at different wavelengths and are then compared using known differences in laboratory-based ozone absorption cross sections [Bass and Paur, 1985] . The solar light entering the spectrophotometers is dispersed by a quartz prism in the Dobson and gratings in the Brewer instruments, and its intensity is measured in a set of narrow spectral bands.
The Dobson spectrophotometers are, in most cases, manually controlled instruments, composed of two symmetric parts with two prisms: the first prism selects the desired narrow wavelength bands, while the second prism rejects the stray light in these bands, improving the wavelength selection. From knowledge of the ozone absorption spectrum between 305 and 340 nm, the ultraviolet Huggins bands, and the calibration of the instrument, the total ozone column is derived [e.g., Basher, 1982; Komhyr et al., 1993, and references therein] . Since 1957, Dobson spectrophotometers have been deployed operationally in a worldwide network. For Sun elevations higher than 15°, a well-maintained and calibrated Dobson spectrophotometer measures the ozone column with an estimated total uncertainty better than 1% for cloud-free direct Sun observations and 2-3% for zenith-sky or cloudy observations [Van Roozendael et al., 1998 ].
The Brewer grating spectrophotometer is in principle similar to the Dobson; however, it has a more modern optical design and is fully automated. It measures sunlight intensities at either four or six selected wavelengths in the range of 306 to 320 nm to retrieve total columns of ozone and sulfur dioxide [Kerr et al., 1981] , even though typically only four wavelengths are used to retrieve the total ozone column. The error of individual total ozone measurements for a well-maintained Brewer instrument is about 1% [e.g., Kerr et al., 1988] . The movement of holographic gratings (one in the single monochromator Brewer instruments and two in the double Brewer instruments) ensures a high-quality wavelength selection. The double monochromator Brewer instrument includes an improved rejection of the stray light over the Dobsons at large solar zenith angles, which does not hold for the single Brewers. And even though Brewers have a full automation advantage over the Dobsons, in terms of stability and precision the Dobsons demonstrate a very similar performance. Dobson measurements respond to the stratospheric temperature dependency of the ozone absorption; however, the retrieval does not properly account for the effects of the temperature variations in its use of the ozone absorption coefficients. This known fact may lead to seasonally varying errors of ±0.9% at middle latitudes and of ±1.7% in the Arctic and to systematic errors of up to 4% [Basher, 1982; Bernhard et al., 2005] . Despite the similar performance of the Brewer and Dobson instruments, small differences in the range of ±0.6% are introduced due to the use of different wavelengths and different temperature dependence for the ozone absorption coefficients [Staehelin et al., 2003] . Very recent studies have evaluated the effects of using different ozone absorption cross sections as well as correcting for the Brewer temperature dependence on the total ozone columns and their interconsistency with the Dobson total ozone columns [Fragkos et al., 2013; Redondas et al., 2014] . Correcting for the difference between the real stratospheric temperature and the temperature at À45°C and À46.3°C assumed by the operational Brewer and Dobson algorithms, respectively, for middle latitude stations results in a TOC difference ranging between around 0% for the summer months and 1.5-2% for the winter months.
Both Dobson and Brewer instruments may also suffer from long-term drift associated with calibration changes. NOAA, Colorado, USA, [Komhyr et al., 1989] ; the Brewers are routinely calibrated against the traveling standard and/or the regional calibration standard (i.e., the EUBrewNet network at Izana, Spain), which is in turn calibrated against the a triad of Brewer instruments operated at Toronto, Canada [Fioletov et al., 2005] .
Additional problems arise at solar elevations lower than 15°, for which diffuse and direct radiation contributions can be of the same order of magnitude. Overall, the Brewer observations are typically found to be of better quality than Dobson measurements and are more suited to investigate possible temperature and seasonal/solar zenith angle dependences in particular [Scarnato et al., 2009] . For particular case studies, observations from selected double Brewer instruments down to 10°solar elevation may be used. Unfortunately, the spatial distribution of ground-based stations equipped with Brewer instruments is not very homogeneous, with only a few instruments in the Southern Hemisphere, all in the Antarctic. The Dobson network is therefore much more suitable to investigate spatial homogeneity of satellite products.
Despite these inherent uncertainties, measurements from the ground-based network of Dobson and Brewer instruments are commonly used as a reference for satellite comparisons. A continuously updated selection of these Brewer and Dobson measurements has already been used numerous times in the validation and analysis of global total ozone records such as the intercomparison between the OMI/Aura TOMS and OMI/Aura DOAS algorithms [Balis et al., 2007a] , 10 years of GOME/ERS-2 ozone record [Balis et al., 2007b] , the updated version of the OMI/Aura TOMS algorithm [Antón et al., 2009] , the GOME-2/MetOp-A validation Koukouli et al., 2012a] , the new version of the solar backscatter ultraviolet (SBUV) zonal mean TOC record as well as an OMI/Aura algorithms intercomparison study by Bak et al. [2015] . The widespread use of the measurements implicitly provides a degree of quality control. The station selection investigation and criteria used in this study have already been discussed in detail in Balis et al. [2007a] and Balis et al., 2007b] and, naturally, a continuous update of the in-house quality assurance of the chosen WOUDC stations is performed annually.
Great care has been taken to ensure the ground-based data used have undergone adequate quality assurance by utilizing reference works such as Fioletov et al. [1999] , Vanicek [2006] , and Fioletov et al. [2008] .
All satellite pixels with their center coordinates lying within a radius of 150 km from each of the ground-based stations have been selected for this validation exercise. Since the WOUDC data are provided on a daily mean basis, all satellite pixels spatially collocated with a station are compared to the ground-based observations of the day. Using all individual pairs, different statistical analyses are carried out in order to investigate different possible dependences between ground and satellite TOC measurements such as dependence on season, latitude, and geometric features. Note that only direct Sun ground-based observations are considered, since they are the most reliable, and that the statistical analyses are realized separately for the different types of instruments. For the case of the Brewer comparisons, on a global scale, 58 stations were found to provide collocations with GOME, 35 stations with GOME2, and 54 stations with SCIAMACHY. These stations are almost all located in the Northern Hemisphere. For the Dobson comparisons, there are 66 stations that give collocations with GOME1, 82 stations with GOME2, and 61 stations with SCIAMACHY. The Dobsons are more evenly distributed around the Globe, with, however, a large part of the number of stations found in the Northern middle latitudes.
The NDACC SAOZ Ground-Based Network
Based on the DOAS technique, SAOZ is a zenith sky UV-visible spectrometer developed by Pommereau and Goutail [1988] for measuring O 3 and NO 2 total columns year-round in polar areas where low sun elevations prevent direct Sun measurements like Brewer and Dobson during wintertime. About 35 UV-visible instruments have been deployed at all latitudes and operated in the framework of the Network for Detection of Atmospheric Composition Change (NDACC). The measurements are performed twice a day at sunrise and sunset between 86°-91°SZA. The total ozone column is retrieved in the visible Chappuis band where the ozone absorption cross sections are temperature independent [Burkholder and Talukdar, 1994] . This makes SAOZ observations ideal to investigate possible temperature dependences in satellite total ozone data products. Because of the amplification of the optical path in the stratosphere above 10-14 km at large SZA at twilight, SAOZ measurements are little sensitive to the troposphere and also little impacted by the presence of clouds and are thus ideal to investigate the influence of clouds in the satellite data. In addition, because SAOZ measurements are always performed in the same 86-91°SZA range, they are also ideal for investigating the SZA dependence of the satellites.
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The main limitation of SAOZ retrievals is the dependence of the total ozone column on the ozone profiles used in the Air Mass Factor calculations required for converting slant into vertical columns. As recommended by the NDACC UV-VIS working group [Hendrick et al., 2011] , the profiles used for this conversion are those of the zonal mean TOMS v8 climatology available in 10°latitude bands [McPeters et al., 2007] . Overall, while the precision of TOC retrievals at midlatitudes is better than 2%, the average precision when including polar latitudes is estimated at 4.7% (mainly due to profile uncertainty) and the total accuracy including absorption cross-section errors at 5.9%.
The collocation criteria for the SAOZ instruments are different from the ones used for the Dobson and Brewer instruments. Zenith-sky air masses extend over several hundred kilometers in the azimuth of the rising and setting Sun. The azimuthal range of a full twilight event also changes with latitude and season. As a consequence, the relatively straightforward collocation criterion of 150 km around the station geolocation cannot be applied to zenith-scattered twilight measurements without risking additional noise in the comparison results, depending on latitude and season. The level of this noise was assessed in Balis et al. [2007a] as ranging from a few percent at middle latitudes to values approaching 60% at Antarctic stations located alternatively inside and outside of the ozone hole. Therefore, only satellite pixels intersecting at least 25% of the zenith-sky air mass are selected for the comparisons.
Results
In the following sections we demonstrate the quality of the total ozone data sets generated with the new GODFIT v3 algorithm, and we illustrate their improvements with respect to the current operational products, especially from the point of view of the intersensor consistency. It should be noted that the operational products were optimized independently for each mission without any specific requirements on producing homogeneous data sets across the missions. Nonetheless, the main aim of the current operational algorithms is to produce high-quality TOC series with an accuracy level within ±1%. As such, the long-term stability and intersensor consistency is examined using the Dobson network, the solar zenith angle, and stratospheric temperature behavior using the Brewer and SAOZ networks and possible remaining issues related to cloud contamination using both Dobson and SAOZ instruments as ground-based measurements.
Long-Term Stability and Intersensor Consistency
To assess the quality of the time stability and the intersensor consistency, comparisons to the Dobson network will be presented in this section owing to its optimal spatial coverage. In Figure 1 , the percentage differences between the satellite and the Dobson measurements are shown as a time series for the operational (left) and the GODFIT v3 algorithms (right). The comparisons are shown for the Northern Hemisphere (NH) and for the Southern Hemisphere (SH) in the upper and lower rows, respectively. The entire available time series for each instrument and algorithm is shown in this comparative plot. These comparisons show a marked improvement in the GODFIT v3 data sets; the GOME data (black line) show less scatter throughout the full time series as well as an improved response to the loss of full coverage after year 2003. As mentioned above, the Southern Hemisphere was mostly affected by the instrumental failure and since most ground-based stations are located in the Northern middle latitudes this loss does not affect the continuity of the validation to a substantial effect. The SCIAMACHY data (dark blue line) also show far less scatter, especially in the beginning of the ENVISAT mission, relative to the zero bias line. The GOME-2 data (light blue line) behave similarly to GOME and SCIAMACHY, with 1 to 2% peak-to-peak amplitude, which is smaller than the corresponding amplitude of the operational product. It has to be noted that part of the seasonality shown in these satellite-Dobson differences originate from the known Dobson temperature dependence as discussed in section 2.3. In the SH, the scatter is larger, which may be explained by both the fewer number of stations (~20 compared to~50 for the NH) and the Antarctica extreme geophysical conditions which include strong gradients in the total ozone field. However, with GODFIT v3, the scatter in the GOME time series improves remarkably, especially from 1995 to 2005 (right). After that time, the scatter remains large, and a slightly larger systematic bias (~1%) appears (also seen in the GDP 5.0 time series). This can most likely be attributed to the poorer GOME coverage combined with the scarcity of the SH ground-based stations.
In Figure 2 , the latitudinal and seasonal dependences in the satellite-Dobson comparisons are shown for both the operational algorithms (left) and the GODFIT v3 algorithm (right). From these figures, it is clear that the three GODFIT products are very consistent with each other. In Figure 2 (top row), the GOME TOC appears smoother in the new version of the data with the high (around 3%) overestimations for the 30-40°N belt decreased and a
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general average around 1-2% with no apparent seasonal dependency. In Figure 2 (middle row), some substantial differences for the SCIAMACHY mission shown in Figure 2 (left) are not visible in Figure 2 (right); however, some new high negative values appear at high southern latitudes that will need to be further investigated in the future. In Figure 2 (bottom row), the improvement of the GOME-2 data set is highly noticeable for all latitudes with mean differences close to 0% offset over the entire time period for the new GODFIT v3 data set. The white belt denotes a station in the tropics around 20°N which has stopped providing quality assured data to WOUDC after the beginning of the GOME-2 mission hence leaving a gap in the seasonal contour plot.
An issue to keep in mind when viewing these results is that part of the seasonal behavior of the observed differences probably originates from the Dobson temperature dependence. This effect becomes particularly noticeable when effective temperatures are large during local summer and low during local winter. In particular, the negative differences in ozone hole conditions stem from this Dobson limitation. Indeed, the investigation of the total ozone dependence of the satellite ground-based differences does not indicate any larger bias in low ozone conditions (not shown here). Figure 3 shows the latitudinal dependences of the percentage satellite-Dobson differences for the operational algorithms (left) and for GODFIT v3 (right). The differences for the operational algorithms range within ±2%, except for GOME-2 GDP 4.7, and the consistency between the three instruments is generally better for the NH stations than for the SH stations. As for GODFIT v3, this consistency is much improved at all latitudes. The satellite-Brewer differences at northern latitudes (not shown) lie within ±0.5% for GOME and SCIAMACHY and are slightly higher (~+1%) for GOME-2 for the operational algorithms, whereas applying the GODFIT v3 algorithm results in differences within the 0-0.5% range for all instruments. 
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From these figures, it can be concluded that the GODFIT v3 data sets have a greater degree of temporal stability and intersensor consistency relative t to the current operational products.
Solar Zenith Angle and Stratospheric Temperature Dependences
In this section, we focus on the investigation of possible SZA and effective temperature (i.e., the ozoneweighted mean atmospheric temperature) dependences of the GODFIT v3 data sets. The Brewer instruments are particularly well adapted for this since they provide accurate measurements even for large optical paths, especially the double-monochromator instruments, and their temperature dependence is very limited, contrary to the Dobson instruments. As discussed before, SAOZ observations are also an important additional source of information to study the effective temperature dependence of satellite data sets since they rely on the analysis of the temperature-independent ozone absorption in the Chappuis bands. (left column) The operational algorithms, (right column) The GODFIT v3 algorithm, (top row) GOME, (middle row) SCIAMACHY, and (bottom row) GOME-2.
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Figure 4 compares the satellite SZA dependence of the satellite-Brewer differences for the operational and the GODFIT v3 data sets. The GODFIT SZA dependences are slightly reduced compared to those of the operational products, especially for GOME-2 (light blue). Again, the three curves corresponding to the three instruments are very similar for GODFIT v3. Since the solar zenith angle and the effective temperature are geophysically correlated, it is interesting to examine the effective temperature dependence of the satellite data sets. This effective temperature is computed using the ozone and temperature profiles from the GODFIT forward model corresponding to the final state vector after the inversion. Figure 5 shows that the GODFIT-Brewer differences hardly depend on the effective temperature.
To further investigate the behavior of the GODFIT v3 algorithm above 80°SZA, the summertime collocations (solstice ± 1 month) for the Northern Hemisphere SAOZ stations listed in Table 3 were used to create comparison plots. During polar summer, satellites on Sun-synchronous orbits pass over high-latitude stations 2 times a day. Therefore, we have two series of satellite measurements to be compared with a single ground-based measurement per day. These two series of overpass data are characterized by moderate and large SZAs, respectively, which allows an investigation of the SZA dependency of the satellite product, independently of possible SZA dependence in the ground-based measurements. In addition, the advantage of using SAOZ instruments as the ground-based reference is that the measurements are always carried out with the same geometry and are consequently less dependent on the season than Dobson and Brewer instruments. In Figure 6 , the differences between ground and satellite total ozone columns resulting from these specific conditions are plotted for the operational and GODFIT v3 algorithms in Figures 6 (left) and 6 (right), respectively, as a function of 1°bins in solar zenith angle. In general, it appears that the SZA dependence of GOME-2 and also that of GOME and SCIAMACHY at moderate SZA values is reduced compared to the operational algorithms. At extreme SZAs greater than 85°a significant dependency can be seen for all instruments. Overall, the mean difference between the GODFIT v3 TOCs and the SAOZ instruments decreases compared to the operational algorithm, most notably for GOME1 where the mean value declines from 2.53% to 1.30%. However, the standard deviation of the means, remain constant with value ranging between 4.00% and 4.5% for the three instruments. Although this figure cannot be directly compared to Figure 4 as the focus is here on the northern polar summer only, such dependence at high SZAs was also visible in the comparisons with the Brewer instruments.
Cloud Dependence Investigation
Cloud contamination can significantly reduce the accuracy of satellite derived total ozone [Antón and Loyola, 2011] . In order to examine the possibility that GODFIT v3 ozone depends on cloud properties, a series of comparisons were performed where the dependency on the cloud fraction (CLF) and the cloud top pressure (CTP) has been examined. To avoid introducing any bias due to the identified solar zenith angle dependency, an upper limit of 80°in SZA has been used to generate all the graphs of this Figure. A lower limit to the amount of data (one thousandth of the total count) falling into each bin was also implemented to avoid nonrepresentative findings. As shown in Figure 3 (right) there appears to exist a differentiation between the two poles, with the comparisons in the northern high latitudes (northward of 60°) showing an overestimation, whereas the ones in the southern high latitudes (southward of 60°) show an underestimation for all three satellite instruments. This interhemispheric bias for high latitudes, of the order of 3-4%, is also reported by the SAOZ instruments and currently under investigation. For this reason, and to be able to differentiate possible cloud effects from this interhemispheric bias, contour representations of the CTP to CLF dependencies on the ozone differences were examined for the Northern Hemisphere only in Figure 7 . In Figure 7 (top row), data from the tropical zone is shown, from 30°S to 30°N, and in Figure 7 (bottom row), data from the middle latitudes, from 60°S to 30°S and 30°N to 60°N. In Figure 7 (left column), the GOME GODFIT v3 comparisons are shown, in Figure 7 (middle column) the SCIAMACHY GODFIT v3, and in Figure 7 (right column) the GOME-2 GODFIT v3 comparisons. As far as the tropical belt is concerned, almost no dependence on either CLF or CTP is found for the Brewer and Dobson tropical stations, with differences ranging at the ±1% level, and no discernible pattern for any of the three instruments. A similar picture is revealed for the middle latitudes where a slight positive CTP dependence is observed for both Dobson (Figure 7 , bottom row) and Brewer (not shown here) instruments. Figure 5 . The percentage differences between satellite and Brewer TOC measurements as a function of the effective temperature. Black line: GOME; dark blue line: SCIAMACHY; light blue line: GOME-2.
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At high latitudes, the temperature dependence of the Dobson instruments leads to significant seasonality effect in the ground-based total ozone column measurements. If the cloud contamination at those high latitudes depends significantly on the season, it would be quite difficult to differentiate between the known effects of this Dobson limitation and an actual cloud parameter dependence. Hence, for the high-latitude stations, the CLF and CTP dependencies are examined separately for the northern and southern high-latitude stations as shown in Figure 8 for the GOME collocations. Very different patterns are obtained for the two hemispheres for the Dobson stations shown in Figure 8 (middle) for the Northern Hemisphere and in Figure 8 (right) for the Southern Hemisphere. In each hemisphere, no significant cloud dependence is visible and the differences are of opposite signs, ranging from around À2% to +2% depending on the hemisphere. Similarly, cloud dependencies in GOME-Brewer differences are shown in Figure 8 (left), for the northern high-latitude stations. Again, no significant dependence is detected and the mean difference is very slightly negative, around À1%. In the northern Dobson stations comparison, the mean difference was instead From this analysis, we can conclude that there is no significant cloud dependence in the satellite GODFIT v3 products. It is likely that there is a small interhemispheric difference at high latitudes in the GODFIT v3 data sets (also visible in Figure 3 ), which needs to be further investigated. Inhomogeneities in the ground-based networks might also explain part of this interhemispheric bias. Also, this analysis clearly highlights the crucial importance of separating as much as possible the different dimensions when analyzing satellite-ground differences in order to draw meaningful conclusions.
Comparisons to the SBUV TOC Data Sets
In order to examine the suitability of the new GODFIT v3 data sets as a continuation of the long-term TOC records starting in the early seventies, comparisons were performed against the solar backscatter ultraviolet (SBUV) data products, recently updated under the auspices of the NASA Making Earth Science Data Records for Use in Research Environments (MEaSUREs) Program . This new data record, in its level 2 format, has already been validated against around thirty Brewer and Dobson ground-based measurements that span the entire 40 years of SBUV heritage by Labow et al. [2013] . Their time series comparisons showed an agreement within ± 1% over the entire time period with the bias approaching zero over the last decade. The SBUV data were treated with exactly the same analysis and statistical routines as the three GODFIT v3 data sets described above to ensure continuity and to avoid possible sampling issues that may affect the subsequent comparisons. In Figure 9 , the time series of each of the TOC data sets is shown; on the left the NH Dobson from 1979 to 2012 and on the right, the NH Dobson comparisons from 2000 to 2013. Extreme caution is required when interpreting these types of figures; the amount and hence latitudinal coverage of the ground-based stations used in the validation changes between 1979 and 2013, a fact which precludes a one-to-one comparison and discussion. The focus, however, of this intercomparison is not comparing the absolute TOC values but rather to illustrate improvements in the monthly/seasonal/yearly variability of the GODFIT v3 TOCs as well as common features with the SBUV data. Hence, a few important observations can indeed be made. In Figure 9 (left), the Dobson comparison time series shows how the GODFIT v3 data from 1995 onward continues nicely the already established SBUV TOC time series from 1979 onward, with all component instruments showing a very similar seasonal variability as well as a peak-to-peak amplitude between À1% and +2% in most cases. This picture is even smoother in the case of the Brewer instruments with the peak-to-peak variability within ±1% (not shown here). Journal of Geophysical Research: Atmospheres 10.1002/2015JD023699 Chiou et al. [2014] have also demonstrated that, investigating on a zonal mean basis, the differences between collocated ground-based WOUDC stations and the SBUV estimates remain positive for the tropics and the NH middle latitudes with mean values between 0.10% and 0.70% and associated STandard Deviation (STDs) between 1.35 to 1.70%. The SH middle latitudes only show a negative bias of À0.60 ± 2.00% (see their Table 3 ). The agreement between overlapping time segments between the SBUV suite and the GODFIT v3 TOCs is indeed exceptional, considering the differences in terms of calibration, instrumentation, algorithm, etc. For example, in the beginning of the GOME mission in Figure 9 (right) (green line) the variability depicted for years 1995 to 2000 is also similarly represented in the NOAA 11 SBUV/2 (cyan line) and the NOAA 14 SBUV/2 (green line).
Discussion and Conclusions
The main aim of this paper was to demonstrate, using ground-based measurements as a documented and traceable reference for the total ozone content of the atmosphere, that the new Ozone CCI GODFIT v3 algorithm produces stable, consistent, and reliable long-term total ozone column data sets from three European sensors, GOME/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A. Ground-based Brewer, Dobson, and NDACC DOAS UV-vis/SAOZ global TOC measurements were used as the common denominator to perform a comparison of the new GODFIT v3 products to the current operational products. Various new features in the GODFIT v3 algorithm are responsible for the demonstrated improvements; in particular, the introduction of the soft calibration of reflectances led to a remarkable intersatellite consistency and homogenization of the three GODFIT v3 data sets.
In Table 4 the statistics extracted from the Dobson and Brewer comparisons are presented for the GOME (second column), the SCIAMACHY (third column), and GOME-2 GODFIT v3 validation (fourth column) where applicable. Under the header "mean bias" we refer to the mean bias and standard deviation (1 sigma) of the NH time series; the header "monthly mean scatter" refers to the variability on the standard deviation of the monthly mean standard deviation values in the NH time series; the header "drift per decade" refers to the decadal drift and associated standard deviation calculated from the NH time series; the header "seasonality" depicts the mean difference from the seasonal plots and the amplitude of the seasonal variability on a global scale; the header "latitude" gives the mean bias and standard deviation as calculated by the latitudinal variability plots on a global scale; the "solar zenith angle" gives the mean bias and standard deviation as calculated from the solar zenith angle ranges shown on a global scale.
As seen in Table 5 of the Ozone-CCI User Requirement Document [van der A, 2011], it was defined within the premises of the European Space Agency's Ozone Climate Change Initiative project that the decadal stability of the total ozone column provided by the three European instruments must fall within 1-3%, the long-term accuracy of each product be less than 2%, and the short-term accuracy of the product less than 3%. The seasonal cycle and interannual variability must also be less than 3%. The statistics provided in Table 4 testify to this fact unambiguously since no long-term drift or long-term bias was found in this new data set. 
Journal of Geophysical Research: Atmospheres
10.1002/2015JD023699
It can be concluded that the GODFIT v3 GOME/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A data sets have been clearly consolidated with respect to the current operational products, mainly from the point of view of the temporal stability and of the intersensor consistency, and all three sensors are behaving quite similarly. As a continuation of the long-term total ozone column time series, the GODFIT v3 TOCs show remarkable agreement with the solar backscatter ultraviolet (SBUV) suite of instruments as well. The solar zenith angle dependency has also been slightly reduced in GODFIT v3, with some underestimation remaining for the extreme SZAs. An interhemispheric bias for the high latitudes has been identified and will be the focus of further study and algorithm improvements.
The new GODFIT v3 TOC data sets have also been used to create a comprehensive level 3 1 × 1°gridded product being presented in Coldewey-Egbers et al. [2015] , a sister level 3 algorithm description, and validation paper. The validation results of the GOME/SCIAMACHY/GOME-2 GODFIT v3-merged level 3 product are very similar to those presented in this study for the corresponding level 2 product; negligible or within 1% differences for all latitudes were found, with very few outliers appearing for a few months in the very high latitudes (poleward of 70°) possibly due to gridding disparities. As such, it is further confirmed that the GODFIT v3 TOC data sets can be quite dependably used in climate and modeling studies and other such applications. 
